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ABSTRACT Reported coronavirus disease 2019 (COVID-19) case counts likely underes-
timate the true prevalence because mild or asymptomatic cases often go untested.
Here, we use a sero-survey to estimate the seroprevalence of IgG antibodies against
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) in the St. Louis, MO,
metropolitan area in a symptom-independent manner. Five hundred three adult and
555 pediatric serum/plasma samples were collected from patients presenting to
Barnes-Jewish Hospital or St. Louis Children’s Hospital between 14 April 2020 and 12
May 2020. We developed protocols for in-house enzyme-linked immunosorbent assays
(ELISAs) using spike and nucleoprotein and used the assays to estimate a seropreva-
lence rate based on our samples. Overall IgG seropositivity was estimated to be 1.71%
(95% credible interval [CI], 0.04% to 3.38%) in pediatric samples and 3.11% (95% CI,
0.92% to 5.32%) in adult samples. Seropositivity was significantly lower in children
under 5 years of age than in adults, but rates between adults and children aged 5 or
older were similar. Of the 176 samples tested from children under 4 years of age,
none were positive.

IMPORTANCE This study determined the percentages of both children and adult sam-
ples from the greater St. Louis metropolitan area who had antibodies to SARS-CoV-2
in late April to early May 2020. Approximately 1.7 to 3.1% of the tested individuals
had antibodies, indicating that they had previously been infected by SARS-CoV-2.
These results demonstrate that the extent of infection was about 10 times greater
than the number of confirmed cases at that time. Furthermore, it demonstrated that
by 5 years of age, children were infected to an extent similar to that of adults.
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Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) was first detected in
December 2019 in Wuhan, China, when several local health facilities reported

patients suffering from pneumonia of an unknown cause (1). Since then, the virus has
rapidly spread around the world and on 11 March 2020 was declared a pandemic by
the World Health Organization. The disease caused by SARS-CoV-2, coronavirus disease
2019 (COVID-19), develops symptoms after an average incubation period of 5.2 days
(2). Clinical manifestations most often include fever, cough, and fatigue but can also
range from severe viral pneumonia and multiorgan dysfunction to asymptomatic infec-
tions (2). Patients who are asymptomatic or present with mild symptoms may not seek
medical attention, leading to underestimation of the true prevalence (3).

Sero-surveys can estimate the cumulative incidence of SARS-CoV-2 infection in a
symptom-independent manner (4), offering valuable data to inform national and local
public health policies. Estimates from seroprevalence studies for locations across the
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United States around April and May 2020 have varied from 1 to 20% (5–10), emphasiz-
ing the need for regionally specific data. The first known COVID-19 case in Missouri
was reported on 7 March 2020 and located in the St. Louis County region. By 1 May, a
total of 6,332 positive cases had been reported in the St. Louis metropolitan area, equal
to 0.226% of the population (https://slu-opengis.github.io/covid_daily_viz/).

The role of children in the spread of SARS-CoV-2 is unclear. Lower prevalence is
generally reported in younger children than in adults. This general trend is also
observed in St. Louis, with reported pediatric rates in late May of only 0.03% for chil-
dren aged 0 to 9 years and 0.1% for children aged 10 to 19 years (https://stlcorona
.com/). There is evidence that children may be infected at lower rates than adults
(11–13) and that they are less likely to experience severe symptoms (14–17), although
the relative contribution of each to lower reported rates is unclear. Asymptomatic indi-
viduals seem to account for up to 50% of SARS-CoV-2 infections, and the rate may be
even higher in children (18, 19). Asymptomatic individuals, including children, show
evidence of high viral shedding and likely contribute to the rapid spread of the disease
(20–26). The goal of our sero-prevalence study was to determine the extent of SARS-
CoV-2 infection in adult and pediatric cohorts from the St. Louis metropolitan area
early in the outbreak.

RESULTS
Sensitivity and specificity of ELISA. We performed receiver operating characteris-

tic (ROC) analysis for the spike and nucleoprotein (NP) antigens to determine diagnos-
tic thresholds for IgG enzyme-linked immunosorbent assays (ELISAs) (Fig. 1). Negative
pre-COVID-19 samples had greater cross-reactivity to NP (mean, 0.516; standard devia-
tion [SD], 0.557) than to spike (mean, 0.142; SD, 0.114) (Fig. 1B). ELISA sensitivity and
specificity were estimated with a Markov chain Monte Carlo (MCMC) scheme. Area
under the curve (AUC) values were 0.999 and 0.961 for the spike and NP assays, respec-
tively. The optimal cutoff point for each assay was selected as the number of SD above
the pre-COVID-19 sample mean that maximized the Youden index (sensitivity plus
specificity minus 1).

Based on this criterion, the optimal cutoff for the spike IgG ELISA was equal to the
average optical density (OD) value of prepandemic samples plus 4 SD, resulting in
98.2% sensitivity (95% CI, 97.4% to 99.9%) and 98.7% specificity (95% CI, 95.7% to
100%). The NP IgG ELISA was less accurate, with 86.5% (95% CI, 80.1% to 92.8%) sensi-
tivity and 93.1% (95% CI, 90.3% to 95.8%) specificity for the assay’s optimal cutoff of

FIG 1 Optimization of spike and NP ELISA protocols. (A) ROC curves comparing the true-positive
and false-negative rates of spike and NP IgG ELISAs for different OD cutoffs. (B) Comparison of NP
and spike ELISA results for 300 negative (pre-COVID-19) samples and 110 RT-PCR-positive samples.
The dashed line shows the spike ELISA cutoff used for seroprevalence calculations (pre-COVID-19
sera mean plus 4 SD).
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the average pre-COVID-19 OD plus 2 SD. Requiring a positive response to both anti-
gens decreased assay performance (87.4% sensitivity and 99.7% specificity) compared
to that of the spike ELISA alone, so samples with spike IgG ELISA responses greater
than the spike cutoff are considered seropositive, regardless of reactivity to NP.

Demographic and clinical characteristics. Deidentified adult samples included
503 individuals (296 females, 207 males) with a median age of 61 years (range, 18 years
to 93 years) (Table 1). The pediatric cohort included 555 different individuals (286
females, 269 males) with a median age of 9 years (range, 2 days to 17 years).

SARS-CoV-2 seroprevalence in St. Louis. Spike and NP ELISA results for the 1,055
tested samples are shown in Fig. 2A. Thirty-six samples were found positive for anti-
spike IgG antibodies with OD values above the cutoff value. Twenty-one of the positive
samples were identified from the adult cohort (n=503) and 15 from the pediatric
cohort (n=555). Accounting for test performance in a Bayesian regression model led
to estimated seroprevalence rates of 3.11% (95% CI, 0.92% to 5.32%) and 1.71% (95%
CI, 0.04% to 3.38%) for adults and children, respectively (Fig. 3). A breakdown of posi-
tive samples by demographic information is provided in Table 1 and Fig. 2B. Of the
176 samples tested in children under 4 years of age, none were positive. The youngest
seropositive subject was a 4-year-old female child and the oldest a 70-year-old male.

As the St. Louis Department of Health reported an incidence rate of only 0.03% for
children aged 0 to 9 years in late May, despite an overall St. Louis population incidence
rate of 0.226%, we tested the hypothesis that our data provide evidence for higher
seropositivity in adults than in young children. Our data suggest an estimated seropre-
valence rate of 0.67% for children under 5 years, which is significantly lower than the
estimated adult seropositive rate of 3.11% (P = 0.0032). However, the rate for children
between 5 and 18 years is 3.37%, similar to the rate of adults (P=0.473). Our results do
not provide evidence for seroprevalence rate differences based on sex (P=0.256).

DISCUSSION

We used a serological assay to identify SARS-CoV-2 antibodies in children and
adults early in the St. Louis outbreak. We observed seroprevalence rates of 1.71%
among children and 3.11% among our adult cohort. A prior study estimated the sero-
prevalence of SARS-CoV-2 in Missouri at 2.7% using 1,882 serum samples, most from
adults, collected broadly across the state in late April (27). The adult incidence rate that
we report in samples from the St. Louis metropolitan area was slightly higher,

TABLE 1 Adult and pediatric cohort demographics

Cohort Patient characteristica No. of samples tested No. (%) of seropositive samplesb

Pediatric 555 15 (2.70)
,1 89 0 (0.00)
1–4 118 1 (0.85)
5–9 79 4 (5.06)
10–14 143 6 (4.20)
15–17 126 4 (3.17)
Male 269 4 (1.49)
Female 286 11 (3.85)

Adult 503 21 (4.17)
18–30 29 1 (3.45)
30–39 41 1 (2.44)
40–49 57 2 (3.51)
50–59 111 9 (8.11)
60–69 147 7 (4.76)
.69 118 1 (0.85)
Male 207 9 (4.35)
Female 296 12 (4.05)

aNumbers are patient ages in years.
bData are number of seropositive samples and percent of total tested samples with positive response for each
group.
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consistent with a higher reported infection rate by reverse transcription-PCR (RT-PCR)
in St. Louis than in the rest of Missouri (https://slu-opengis.github.io/covid_daily_viz/;
https://stlcorona.com/).

We observed lower estimated seropositivity in children under 5 years than in adults,
and none of the samples from children under 4 years of age were identified as seropos-
itive. These results are consistent with a growing body of evidence that young children
may be infected by SARS-CoV-2 at a lower rate than adults (28–30). One potential ca-
veat is that due to differences in inclusion criteria of the pediatric and adult cohorts,
there may be biases that limit comparative interpretation of the observed seropositiv-
ity rates. Additional studies performed with samples collected later in the pandemic
are needed to better understand pediatric infection rates and inform public health pro-
tocols related to schooling.

In this study, we established and validated a robust ELISA protocol for the detection
of SARS-CoV-2 antibody responses in serum/plasma samples. We found that a seropo-
sitivity criterion based on the spike IgG ELISA alone is more accurate than one based
on both the spike and NP antigens, possibly due to high NP cross-reactivity to seasonal
coronaviruses (31). A Bayesian model is then used to jointly estimate the specificity
and sensitivity of the test along with the seroprevalence rate. In this way, our reported
posterior distributions for seroprevalence account for test specificity and sensitivity
while propagating uncertainty in these parameters into final seroprevalence estimates.

Our study used sera from patients obtaining medical care early in the pandemic, so

FIG 2 ELISA results for 503 adult and 555 pediatric samples. (A) NP and spike IgG ELISA results for
1,055 serum/plasma samples collected in April and May 2020. The dashed line shows the spike OD
cutoff used to define seropositivity. (B) Frequency of seropositive samples by age group (in years).

FIG 3 Seropositivity rate estimates for pediatric and adult cohorts. Histograms of posterior simulations
of SARS-CoV-2 seroprevalence.
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it is not necessarily generalizable to the general St. Louis population. Notably, the
St. Louis stay-at-home order overlapped with our sample collection period, when rou-
tine medical visits and bloodwork for healthy patients may have been limited.
Individuals with severe medical conditions therefore may be overrepresented in our
cohort relative to the general population.

An improved understanding of general seroprevalence in both adult and pediatric
populations is critical to implementing public safety guidelines. Our results indicate
that both children and adults are susceptible to SARS-CoV-2 infection and develop
antibody responses. Serological studies such as this provide essential information on
the risk for transmission and the immunological state of the population.

MATERIALS ANDMETHODS
Patient cohorts. We screened 503 adult and 555 pediatric serum/plasma samples. The adult sam-

ples were residual samples sent to Barnes-Jewish Hospital for physician-ordered vitamin D testing
between 27 April 2020 and 12 May 2020. Residual pediatric specimens were collected from unique out-
patients presenting to St. Louis Children’s Hospital between 14 April 2020 and 8 May 2020. The most
common indications for pediatric blood draw were an evaluation of allergies, a general health assess-
ment in the emergency department (basic and comprehensive metabolic profiles), and screening/fol-
low-up for a variety of conditions (includes orders for bilirubin, vitamin D, lipids, iron/ferritin, TSH/free
T4, and HgbA1c). Specimens with orders for immunosuppressant therapeutic drug monitoring were
excluded.

Assay sensitivity was evaluated with two sets of sera (n= 110) collected from COVID-19 RT-PCR-posi-
tive individuals that exhibited neutralization titers of .1:40 in a focus reduction neutralization assay
(I. Harvey and D. Fremont, unpublished data). The first set included 35 serum samples from 16 patients
being treated at the Mayo Clinic, collected 6 to 20 days after symptom onset. The remaining 75 COVID-
19-positive samples, from 75 individuals following convalescence ($2 weeks without symptoms and
PCR negativity), were collected by Washington University researchers.

Assay specificity was assessed using a subset of pre-COVID-19 serum samples collected between
2007 and 2008 for prior serological studies (32, 33) and stored at –80°C. Three hundred pre-COVID-19
samples were obtained from adult (n= 150) and pediatric (n= 150) patients presenting to Barnes-Jewish
Hospital or St. Louis Children’s Hospital.

This study was approved by the Human Research Protection Office at Washington University in St.
Louis (approval no. 202004199 and 202004153).

Cell line, virus, and recombinant protein. Purified RNA from the 2019-novel CoV(nCoV)/USA-WA1/
2020 SARS-CoV-2 strain was reverse transcribed into cDNA and used as the template for recombinant
gene cloning. Full-length SARS-CoV-2 NP was cloned into pET21a with a hexahistidine tag and recombi-
nantly expressed using Escherichia coli BL21(DE3)-RIL in terrific broth (bioWorld). Following overnight
induction with isopropyl b-D-1-thiogalactopyranoside (GoldBio) at 25°C, cells were lysed in 20mM Tris-HCl,
pH 8.5, 1 M NaCl, 5mM b-mercaptoethanol, and 5mM imidazole for nickel affinity purification. Following
elution in the prior buffer supplemented with 500mM imidazole, the protein was purified to homogeneity
using size exclusion chromatography, followed by cation exchange chromatography.

The SARS-CoV-2 spike ectodomain (residues 14 to 1211; GenBank accession no. MN908947.3)
and influenza hemagglutinin (HA) ectodomain (subtype B/Colorado/06/2017) were cloned into
pFM1.2 with an N-terminal m-phosphatase signal peptide. The C terminus of SARS-CoV-2 spike was
engineered with an HRV3C protease cleavage site (GSTLEVLFQGP) linked by a foldon trimerization
motif (YIPEAPRDGQAYVRKDGEWVLLSTFL) and an 8�His Tag. The S1/S2 furin cleavage site was
mutated, and 2 stabilizing proline mutations were introduced. The influenza HA construct contained
a T4 fibritin trimerization domain at the C terminus (34). The plasmids were transiently transfected
into Expi293F cells and purified by cobalt-charged resin chromatography (G-Biosciences) as previ-
ously described (35, 36).

ELISA. We developed two ELISAs based on trimeric spike and NP proteins. Our protocol was previ-
ously optimized based on serial dilution results of 16 negative controls and 122 positive controls as
described in the work of Harvey et al. (unpublished data). Briefly, 96-well MaxiSorp plates were coated
with 2mg/ml of purified antigens in 50mM Na2CO3 (70ml) overnight at 4°C. Plates were then washed
with phosphate-buffered saline (PBS)–0.05% Tween 20 and blocked with 200 ml 1� PBS–0.05% Tween
20–1% bovine serum albumin (BSA)–0.02% sodium azide for 2 h at room temperature. Serum/plasma
samples were diluted 1/500 in blocking buffer. Diluted samples were then added to plates (50ml/well)
and incubated for 1 h at room temperature. Bound IgG was detected using horseradish peroxidase
(HRP)-conjugated goat anti-human IgG (at 1/5,000). Following 1 h of incubation, washed plates were
developed with 50ml of a 1-Step Ultra TMB ELISA solution and quenched with 2 M sulfuric acid, and the
absorbance was read at 450 nm. The results of independent technical replicates (n= 3) were averaged
for each sample. The ELISA response of each sample to the influenza HA ectodomain was also evaluated
as a control.

Cutoff value and statistical analysis. Sensitivity and specificity values were calculated for spike and
NP ELISAs from the positive- and negative-control sera. Cutoff values were determined by ROC analysis
focused on maximizing both the sensitivity and the specificity of the assay. To assess plate-to-plate vari-
ation, the same 2 negative controls (pre-COVID-19 sera) and 2 positive controls (sera from SARS-CoV-2
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PCR-positive individuals) were included on every ELISA plate. The coefficient of variation was less than
20% in all cases. All blank wells had absorbance values of,0.15.

Parameters were estimated with a Bayesian framework using a Markov chain Monte Carlo (MCMC)
method implemented in python using the PyStan package (37). Five independent chains of 10,000 itera-
tions each were simulated, with the first 1,000 iterations corresponding to the burn-in. Noninformative
beta(1) priors, along with a binomial likelihood function, were used for sensitivity, specificity, and preva-
lence. Convergence was assessed by visual inspection of time series plots and Gelman and Rubin R̂ sta-
tistics (38). Posterior distributions for each parameter were described using means and 95% posterior
credible intervals.

Bayesian hypothesis testing was done to examine the effects of age and sex on SARS-CoV-2 seropre-
valence. The P values that we report are Bayesian P values (39). We calculate the x 2 discrepancy measure
between generated data sets and the expected values drawn from the posterior distribution. The
Bayesian P value is the probability that the x 2 discrepancy measure based on the replicated data were
more extreme than the observed data. Differences were considered to be statistically significant at a P
of,0.05.

ACKNOWLEDGMENTS
This work was supported by National Institute of Allergy and Infectious Diseases

collaborative agreement U01 AI151810 (D.W.) and contracts 75N93019C00062 (D.H.F.)
and HHSN272201700060C (D.H.F). A.B.J. receives support from NIAID grant K08
AI132745 and from the National Center for Advancing Translational Sciences of the
National Institutes of Health under award UL1 TR002345.

REFERENCES
1. Zhu N, Zhang D, Wang W, Li X, Yang B, Song J, Zhao X, Huang B, Shi W, Lu

R, Niu P, Zhan F, Ma X, Wang D, Xu W, Wu G, Gao GF, Tan W, China Novel
Coronavirus Investigating and Research Team. 2020. A novel coronavirus
from patients with pneumonia in China, 2019. N Engl J Med 382:727–733.
https://doi.org/10.1056/NEJMoa2001017.

2. Rothan HA, Byrareddy SN. 2020. The epidemiology and pathogenesis of
coronavirus disease (COVID-19) outbreak. J Autoimmun 109:102433.
https://doi.org/10.1016/j.jaut.2020.102433.

3. Lai CC, Liu YH, Wang CY, Wang YH, Hsueh SC, Yen MY, Ko WC, Hsueh PR.
2020. Asymptomatic carrier state, acute respiratory disease, and pneumo-
nia due to severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2):
facts and myths. J Microbiol Immunol Infect 53:404–412. https://doi.org/
10.1016/j.jmii.2020.02.012.

4. Flahault A. 2020. Has China faced only a herald wave of SARS-CoV-2? Lan-
cet 395:947. https://doi.org/10.1016/S0140-6736(20)30521-3.

5. Menachemi N, Yiannoutsos CT, Dixon BE, Duszynski TJ, Fadel WF, Wools-
Kaloustian KK, Unruh Needleman N, Box K, Caine V, Norwood C, Weaver L,
Halverson PK. 2020. Population point prevalence of SARS-CoV-2 infection
based on a statewide random sample—Indiana, April 25–29, 2020.
MMWR Morb Mortal Wkly Rep 69:960–964. https://doi.org/10.15585/
mmwr.mm6929e1.

6. Sood N, Simon P, Ebner P, Eichner D, Reynolds J, Bendavid E, Bhattacharya
J. 2020. Seroprevalence of SARS-CoV-2-specific antibodies among adults in
Los Angeles County, California, on April 10–11, 2020. JAMA 13:98–99.
https://doi.org/10.1001/jama.2020.8279.

7. Bendavid E, Mulaney B, Sood N, Shah S, Ling E, Bromley-Dulfano R, Lai C,
Weissberg Z, Saavedra R, Tedrow J, Tversky D, Bogan A, Kupiec T, Eichner
D, Gupta R, Ioannidis J, Bhattacharya J. 2020. COVID-19 antibody seropre-
valence in Santa Clara County, California. medRxiv https://doi.org/10
.1101/2020.04.14.20062463.

8. Dietrich ML, Norton EB, Elliott D, Smira AR, Rouelle JA, Bond NG, Aime-
Marcelin KK, Prystowsky A, Kemnitz R, Sarma A, Himmelfarb ST, Sharma N,
Stone AE, Craver R, Lindrose AR, Smitley LA, Uddo RB, Myers L, Drury SS,
Schieffelin JS, Robinson JE, Zwezdaryk KJ, Julie A, Bond NG, Aime-
Marcelin KK, Prystowsky A, Kemnitz R, Sarma A, Himmelfarb ST, Sharma N,
Stone AE, Lindrose AR, Smitley LA, Uddo RB, Myers L, Rouelle JA, Bond
NG, Aime-Marcelin KK, Prystowsky A, Kemnitz R, Sarma A, Himmelfarb ST,
Sharma N, Stone AE, Craver R, Lindrose AR, Smitley LA, Uddo RB, Myers L,
Drury SS, et al. 2020. SARS-CoV-2 seroprevalence rates of children in Loui-
siana during the state stay at home order. medRxiv https://doi.org/10
.1101/2020.07.07.20147884.

9. Dingens AS, Crawford KH, Adler A, Steele SL, Lacombe K, Eguia R, Amanat
F, Walls AC, Wolf CR, Murphy M, Pettie D, Carter L, Qin X, King NP, Veesler
D, Krammer F, Chu HY, Englund JA, Bloom JD. 2020. Seroprevalence of

SARS-CoV-2 among children visiting a hospital during the initial Seattle
outbreak. medRxiv https://doi.org/10.1101/2020.05.26.20114124.

10. Stadlbauer D, Tan J, Jiang K, Hernandez MM, Fabre S, Amanat F, Teo C,
Arunkumar GA, McMahon M, Capuano C, Twyman K, Jhang J, Nowak MD,
Simon V, Sordillo EM, van Bakel H, Krammer F. 3 November 2020.
Repeated cross-sectional sero-monitoring of SARS-CoV-2 in New York
City. Nature https://doi.org/10.1038/s41586-020-2912-6.

11. Yasuhara J, Kuno T, Takagi H, Sumitomo N. 2020. Clinical characteristics of
COVID-19 in children: a systematic review. Pediatr Pulmonol 55:2565–2575.
https://doi.org/10.1002/ppul.24991.

12. Jeng MJ. 2020. Coronavirus disease 2019 in children: current status. J Chin
Med Assoc 83:527–533. https://doi.org/10.1097/JCMA.0000000000000323.

13. Lu X, Zhang L, Du H, Zhang J, Li YY, Qu J, Zhang W, Wang Y, Bao S, Li YY,
Wu C, Liu H, Liu D, Shao J, Peng X, Yang Y, Liu Z, Xiang Y, Zhang F, Silva
RM, Pinkerton KE, Shen K, Xiao H, Xu S, Wong GWK, Chinese Pediatric
Novel Coronavirus Study Team. 2020. SARS-CoV-2 infection in children. N
Engl J Med 382:1663–1665. https://doi.org/10.1056/NEJMc2005073.

14. Wu Z, McGoogan JM. 2020. Characteristics of and important lessons
from the coronavirus disease 2019 (COVID-19) outbreak in China: sum-
mary of a report of 72314 cases from the Chinese Center for Disease
Control and Prevention. JAMA 323:1239–1242. https://doi.org/10.1001/
jama.2020.2648.

15. Chan JFW, Yuan S, Kok KH, To KKW, Chu H, Yang J, Xing F, Liu J, Yip CCY,
Poon RWS, Tsoi HW, Lo SKF, Chan KH, Poon VKM, Chan WM, Ip JD, Cai JP,
Cheng VCC, Chen H, Hui CKM, Yuen KY. 2020. A familial cluster of pneu-
monia associated with the 2019 novel coronavirus indicating person-to-
person transmission: a study of a family cluster. Lancet 395:514–523.
https://doi.org/10.1016/S0140-6736(20)30154-9.

16. Mehta NS, Mytton OT, Mullins EWS, Fowler TA, Falconer CL, Murphy OB,
Langenberg C, Jayatunga WJP, Eddy DH, Nguyen-Van-Tam JS. 2020.
SARS-CoV-2 (COVID-19): what do we know about children? A systematic
review. Clin Infect Dis 71:2469–2479. https://doi.org/10.1093/cid/ciaa556.

17. Cui X, Zhang T, Zheng J, Zhang J, Si P, Xu Y, Guo W, Liu Z, Li W, Ma J,
Dong C, Shen Y, Cai C, He S. 2020. Children with coronavirus disease
2019: a review of demographic, clinical, laboratory, and imaging features
in pediatric patients. J Med Virol 92:1501–1510. https://doi.org/10.1002/
jmv.26023.

18. Mizumoto K, Kagaya K, Zarebski A, Chowell G. 2020. Estimating the
asymptomatic proportion of coronavirus disease 2019 (COVID-19) cases
on board the Diamond Princess cruise ship, Yokohama, Japan, 2020. Euro
Surveill 25:2000180. https://doi.org/10.2807/1560-7917.ES.2020.25.10
.2000180.

19. Nishiura H, Kobayashi T, Miyama T, Suzuki A, Jung S-M, Hayashi K,
Kinoshita R, Yang Y, Yuan B, Akhmetzhanov AR, Linton NM. 2020.

Smith et al.

January/February 2021 Volume 6 Issue 1 e01207-20 msphere.asm.org 6

https://doi.org/10.1056/NEJMoa2001017
https://doi.org/10.1016/j.jaut.2020.102433
https://doi.org/10.1016/j.jmii.2020.02.012
https://doi.org/10.1016/j.jmii.2020.02.012
https://doi.org/10.1016/S0140-6736(20)30521-3
https://doi.org/10.15585/mmwr.mm6929e1
https://doi.org/10.15585/mmwr.mm6929e1
https://doi.org/10.1001/jama.2020.8279
https://doi.org/10.1101/2020.04.14.20062463
https://doi.org/10.1101/2020.04.14.20062463
https://doi.org/10.1101/2020.07.07.20147884
https://doi.org/10.1101/2020.07.07.20147884
https://doi.org/10.1101/2020.05.26.20114124
https://doi.org/10.1038/s41586-020-2912-6
https://doi.org/10.1002/ppul.24991
https://doi.org/10.1097/JCMA.0000000000000323
https://doi.org/10.1056/NEJMc2005073
https://doi.org/10.1001/jama.2020.2648
https://doi.org/10.1001/jama.2020.2648
https://doi.org/10.1016/S0140-6736(20)30154-9
https://doi.org/10.1093/cid/ciaa556
https://doi.org/10.1002/jmv.26023
https://doi.org/10.1002/jmv.26023
https://doi.org/10.2807/1560-7917.ES.2020.25.10.2000180
https://doi.org/10.2807/1560-7917.ES.2020.25.10.2000180
https://msphere.asm.org


Estimation of the asymptomatic ratio of novel coronavirus infections
(COVID-19). Int J Infect Dis 94:154–155. https://doi.org/10.1016/j.ijid.2020
.03.020.

20. Furukawa N, Brooks J, Sobel J. 2020. Evidence supporting transmission of
severe acute respiratory syndrome coronavirus 2 while presymptomatic
or asymptomatic. Emerg Infect Dis J 26:e201595. https://doi.org/10.3201/
eid2607.201595.

21. Hoehl S, Rabenau H, Berger A, Kortenbusch M, Cinatl J, Bojkova D, Behrens
P, Böddinghaus B, Götsch U, Naujoks F, Neumann P, Schork J, Tiarks-Jungk
P, Walczok A, Eickmann M, Vehreschild MJGT, Kann G, Wolf T, Gottschalk R,
Ciesek S. 2020. Evidence of SARS-CoV-2 infection in returning travelers
from Wuhan, China. N Engl J Med 382:1278–1280. https://doi.org/10.1056/
NEJMc2001899.

22. Li R, Pei S, Chen B, Song Y, Zhang T, Yang W, Shaman J. 2020. Substantial
undocumented infection facilitates the rapid dissemination of novel co-
ronavirus (SARS-CoV-2). Science 368:489–493. https://doi.org/10.1126/
science.abb3221.

23. Kelvin AA, Halperin S. 2020. COVID-19 in children: the link in the transmis-
sion chain. Lancet Infect Dis 20:633–634. https://doi.org/10.1016/S1473
-3099(20)30236-X.

24. Jiehao C, Jin X, Daojiong L, Zhi Y, Lei X, Zhenghai Q, Yuehua Z, Hua Z, Ran
J, Pengcheng L, Xiangshi W, Yanling G, Aimei X, He T, Hailing C, Chuning
W, Jingjing L, Jianshe W, Mei Z. 2020. A case series of children with 2019
novel coronavirus infection: clinical and epidemiological features. Clin
Infect Dis 71:1547–1551. https://doi.org/10.1093/cid/ciaa198.

25. Kam K-Q, Yung CF, Cui L, Tzer Pin Lin R, Mak TM, Maiwald M, Li J, Chong
CY, Nadua K, Tan NWH, Thoon KC. 2020. A well infant with coronavirus
disease 2019 with high viral load. Clin Infect Dis 71:847–849. https://doi
.org/10.1093/cid/ciaa201.

26. Dimeglio C, Loubes J-M, Deporte B, Dubois M, Latour J, Mansuy J-M,
Izopet J. 2020. The SARS-CoV-2 seroprevalence is the key factor for
deconfinement in France. J Infect 81:318–356. https://doi.org/10.1016/j
.jinf.2020.04.031.

27. States U, Region PM, Francisco S, Region B, Havers FP, Reed C, Lim T,
Montgomery JM, Klena JD, Hall AJ, Fry AM, Cannon DL, Chiang CF, Gibbons
A, Krapiunaya I, Morales-Betoulle M, Roguski K, Rasheed MAU, Freeman B,
Lester S, Mills L, Carroll DS, Owen SM, Johnson JA, Semenova V, Blackmore
C, Blog D, Chai SJ, Dunn A, Hand J, Jain S, Lindquist S, Lynfield R, Pritchard
S, Sokol T, Sosa L, Turabelidze G, Watkins SM, Wiesman J, Williams RW,
Yendell S, Schiffer J, Thornburg NJ. 21 July 2020. Seroprevalence of anti-
bodies to SARS-CoV-2 in 10 sites in the United States, March 23–May 12,
2020. JAMA Intern Med https://doi.org/10.1001/jamainternmed.2020.4130.

28. Mizumoto K, Omori R, Nishiura H. 2020. Age specificity of cases and attack

rate of novel coronavirus disease (COVID-19). medRxiv https://doi.org/10
.1101/2020.03.09.20033142.

29. Li W, Zhang B, Lu J, Liu S, Chang Z, Peng C, Liu X, Zhang P, Ling Y, Tao K,
Chen J. 2020. Characteristics of household transmission of COVID-19. Clin
Infect Dis 71:1943–1946. https://doi.org/10.1093/cid/ciaa450.

30. Zhang J, Litvinova M, Liang Y, Wang Y, Wang W, Zhao S, Wu Q, Merler S,
Viboud C, Vespignani A, Ajelli M, Yu H. 2020. Changes in contact patterns
shape the dynamics of the COVID-19 outbreak in China. Science
368:1481–1486. https://doi.org/10.1126/science.abb8001.

31. Khan S, Nakajima R, Jain A, de Assis RR, Jasinskas A, Obiero JM, Adenaiye
O, Tai S, Hong F, Milton DK, Davies H, Felgner PL, Prometheus Study
Group. 2020. Analysis of serologic cross-reactivity between common
human coronaviruses and SARS-CoV-2 using coronavirus antigen micro-
array. bioRxiv https://doi.org/10.1016/j.solener.2019.02.027.

32. Greninger AL, Holtz L, Kang G, Ganem D, Wang D, Derisi JL. 2010. Serolog-
ical evidence of human klassevirus infection. Clin Vaccine Immunol
17:1584–1588. https://doi.org/10.1128/CVI.00152-10.

33. Nguyen NL, Le BM, Wang D. 2009. Serologic evidence of frequent human
infection with WU and KI polyomaviruses. Emerg Infect Dis 15:1199–1205.
https://doi.org/10.3201/eid1508.090270.

34. Stevens J, Blixt O, Tumpey TM, Taubenberger JK, Paulson JC, Wilson IA.
2006. Structure and receptor specificity of the hemagglutinin from an
H5N1 influenza virus. Science 312:404–410. https://doi.org/10.1126/science
.1124513.

35. Alsoussi WB, Turner JS, Case JB, Zhao H, Schmitz AJ, Zhou JQ, Chen RE,
Lei T, Rizk AA, McIntire KM, Winkler ES, Fox JM, Kafai NM, Thackray LB,
Hassan AO, Amanat F, Krammer F, Watson CT, Kleinstein SH, Fremont
DH, Diamond MS, Ellebedy AH. 2020. A potently neutralizing antibody
protects mice against SARS-CoV-2 infection. J Immunol 205:915–922.
https://doi.org/10.4049/jimmunol.2000583.

36. Pallesen J, Wang N, Corbett KS, Wrapp D, Kirchdoerfer RN, Turner HL,
Cottrell CA, Becker MM, Wang L, Shi W, Kong W-P, Andres EL, Kettenbach
AN, Denison MR, Chappell JD, Graham BS, Ward AB, McLellan JS. 2017. Im-
munogenicity and structures of a rationally designed prefusion MERS-
CoV spike antigen. Proc Natl Acad Sci U S A 114:E7348–E7357. https://doi
.org/10.1073/pnas.1707304114.

37. Stan Development Team. 2018. PyStan: the Python interface to Stan. Ver-
sion 2.17.1.0.

38. Gelman A, Rubin DB. 1992. Inference from iterative simulation using
multiple sequences. Statist Sci 7:457–472. https://doi.org/10.1214/ss/
1177011136.

39. Gelman A, Meng XL, Stern H. 1996. Posterior predictive assessment of
model fitness via realized discrepancies. Stat Sin 6:733–807.

SARS-CoV-2 Seroprevalence in St. Louis, MO

January/February 2021 Volume 6 Issue 1 e01207-20 msphere.asm.org 7

https://doi.org/10.1016/j.ijid.2020.03.020
https://doi.org/10.1016/j.ijid.2020.03.020
https://doi.org/10.3201/eid2607.201595
https://doi.org/10.3201/eid2607.201595
https://doi.org/10.1056/NEJMc2001899
https://doi.org/10.1056/NEJMc2001899
https://doi.org/10.1126/science.abb3221
https://doi.org/10.1126/science.abb3221
https://doi.org/10.1016/S1473-3099(20)30236-X
https://doi.org/10.1016/S1473-3099(20)30236-X
https://doi.org/10.1093/cid/ciaa198
https://doi.org/10.1093/cid/ciaa201
https://doi.org/10.1093/cid/ciaa201
https://doi.org/10.1016/j.jinf.2020.04.031
https://doi.org/10.1016/j.jinf.2020.04.031
https://doi.org/10.1001/jamainternmed.2020.4130
https://doi.org/10.1101/2020.03.09.20033142
https://doi.org/10.1101/2020.03.09.20033142
https://doi.org/10.1093/cid/ciaa450
https://doi.org/10.1126/science.abb8001
https://doi.org/10.1016/j.solener.2019.02.027
https://doi.org/10.1128/CVI.00152-10
https://doi.org/10.3201/eid1508.090270
https://doi.org/10.1126/science.1124513
https://doi.org/10.1126/science.1124513
https://doi.org/10.4049/jimmunol.2000583
https://doi.org/10.1073/pnas.1707304114
https://doi.org/10.1073/pnas.1707304114
https://doi.org/10.1214/ss/1177011136
https://doi.org/10.1214/ss/1177011136
https://msphere.asm.org

	RESULTS
	Sensitivity and specificity of ELISA.
	Demographic and clinical characteristics.
	SARS-CoV-2 seroprevalence in St. Louis.

	DISCUSSION
	MATERIALS AND METHODS
	Patient cohorts.
	Cell line, virus, and recombinant protein.
	ELISA.
	Cutoff value and statistical analysis.

	ACKNOWLEDGMENTS
	REFERENCES

